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ABSTRACT:ThehealthrisksofAsexposureduetotheinstallationofmillionsofshallowtubewellsintheBengalBasinareknown,
but fecal contamination of shallow aquifers has not systematically been examined. This could be a source of concern in densely
populated areas with poor sanitation because the hydraulic travel time from surface water bodies to shallow wells that are low in As
waspreviouslyshowntobeconsiderablyshorterthanforshallowwellsthatarehighinAs.Inthisstudy,125tubewells6-36mdeep
were sampled in duplicate for 18 months to quantify the presence of the fecal indicator Escherichia coli. On any given month, E. coli
was detectedat levels exceeding 1 most probable number per 100 mLin 19-64% of all shallow tubewells, witha higher proportion
typically following periods of heavy rainfall. The frequency of E. coli detection averaged over a year was found to increase with
population surrounding a well and decrease with the As content of a well, most likely because of downward transport of E. coli
associated with local recharge. The health implications of higher fecal contamination of shallow tubewells, to which millions of
households in Bangladesh have switched in order to reduce their exposure to As, need to be evaluated.
’INTRODUCTION
Filtration through aquifer sands reduces the likelihood of fecal
contamination of groundwater by orders of magnitudes compared
to surface water. There is growing evidence, however, that even
sandy aquifers, and not merely aquifers contained within fractured
rocks or karst deposits, are vulnerable to fecal contamination.
1 In
Bangladesh and neighboring countries with large sedimentary
basins draining the Himalayas, much of the attention has focused
instead on elevated levels of arsenic (As) in shallow groundwater
pumpedfromtubewellsinstalledbymillionsofhouseholds.
2Thisis
justiﬁed because the burden of disease caused by drinkingtubewell
water containingAs concentrationsoften 10-100fold higherthan
the WHO guideline of 10 μg/L will be signiﬁcant for decades to
come.
3 There is concern, however, that certain forms of As
mitigation could lead to the substitution of exposure to As with
exposure to fecal contaminants.
4-6 This study evaluates this
possibility for well-switching, the most eﬀective form of As mitiga-
tion to date.
6
The present study focuses on the possibility of risk substitution
caused by switching from a shallow (deﬁned here as <36 m deep)
private well that is high in As to a neighboring private well that is
also shallow but low in As. Unless a deep well that is low in As has
been installed nearby by the government or a nongovernmental
organization, this has been the response of millions of households
in Bangladesh after being informed that their well was high in
As.
7-9 Datingof groundwater usingthe
3H-
3Hemethodwithina
region with spatially variable As has previously demonstrated that
groundwater is typically considerably younger in shallow low-As
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wells than in shallow high-As wells.
10 Further investigation has
shown that diﬀerences in the age (and therefore As content) of
shallowgroundwaterarerelatedtothegrainsizeofsurfacesoilsthat
captheunderlyingaquifer.
11,12Shallowgroundwatercanbe<1year
old in villages where the sandy aquifer essentially extends to the
surface and >10 year old at the same depth in neighboring villages
where the shallow aquifer is instead capped by ﬁne-grained clays
and silts. Because attenuation of fecal contamination along a
ﬂowpath that starts in a shallow recharge zone depends on a
combinationofretentionanddie-oﬀ,
13-15thisraisesthepossibility
that shallow aquifers containing young/low-As groundwater could
be particularly vulnerable to microbial contamination. Such a
contrasting inﬂuence of local geology on E. coli and As contamina-
tion of shallow aquifers was recently investigated in a pilot study
comparingtwovillagesofBangladeshduringthedryseasonandthe
wet season.
16 The present study takes this analysis further by
comparing E. coli and As variability within villages rather than
between villages and by taking into account local variations in
population density.
’METHODS
Study Sites. Two densely populated and geologically com-
parable rural areas of Bangladesh were selected for this study
(Figure 1a). The village of Char Para (23.796  N, 90.629  E) in
Araihazar upazilla is located on a sand bar rising 1-3 m above
surroundingfieldsandthemeanderofasmallstreamtothesouth
(Figure 1b). Local recharge is likely an important factor that
maintains As concentrations in shallow groundwater at generally
low levels in the center of Char Para, with As concentrations
increasing toward the periphery of the village.
17 Several hundred
latrines scattered throughout the villages and approximately fifty
ponds, many of which receive discharge from latrines, are
potential sources of fecal pollution to the shallow aquifer of
Char Para. In Matlab upazilla (Figure 1c), the six villages of
Barahaldia (23.370  N, 90.646  E), Sardarkandi (23.352  N;
90.656  E), Shakharipara (23.356  N, 90.646  E), Farazikandi
(23.360  N, 90.637  E), Namapara (23.361  N, 90.628  E), and
Shankibhanga (23.370  N, 90.623  E) cover a range of deposi-
tional environments and groundwater As concentrations.
18 The
rural sanitation infrastructure in the region ranges from simple
septic tanks built of concrete rings to defecation directly into
ponds and does not differ markedly between Araihazar and
Matlab. The location of each household within the study areas
was recorded with hand-held GPS units to calculate the popula-
tion residing within a given distance from each monitored well
(Supporting Information).
Precipitation and Water Levels. Daily rainfall was measured
in Barahaldia village starting in June 2008; data gaps were filled
on the basis of rainfall data from Chittagong (Supporting In-
formation). Fluctuations in the level of surface water and ground-
water were recorded starting in September 2008 by installing data-
loggerpressuretransducers(Solinst,Georgetown,ON,Canada)in
a pond and a shallow well in Barahaldia, respectively. Pond water
levels were only occasionally measured in Char Para in 2009, but
groundwater levels were measured with an electric tape over the
entire sampling period.
Well Sampling and As Analysis. Starting in May 2008, 33
and 92 shallow household wells in Char Para and the six Matlab
villages were sampled quasi-monthly until October and November
2009, respectively. Duplicate 100 mL samples of well water were
collectedformicrobialanalysisinsterilevialsandstoredinthedark
at ∼4  C for up to 8 h before processing. Water was also collected
without filtration in 20 mL scintillation vials with PolySeal caps.
These samples were acidified to 1% HCl with high-purity acid at
least one week prior to analysis by high-resolution inductively
coupled plasma mass spectrometry (HR ICP-MS
19,20). Internal
consistency standards included with each run indicate a reproduc-
ibility better than 3% (1 standard deviation) in the 50-500 μg/L
range of As concentrations.
Microbial Determinations. The most probable number
(MPN) of total coliforms and E. coli in well water samples was
determined using a U.S. EPA-approved commercial culture kit
(Colilert, IDEXX Laboratories,Inc.,Westbrook,Maine) according
to the manufacturer’s directions. To combine duplicate measure-
ments,positivewellsinbothtraysweresummedandconvertedtoa
MPN and 95% CI on the assumption that E. coli were homo-
geneously distributed in well water.
21 In this study, a sample was
consideredpositiveforE.coliifbothreplicatescontaineddetectable
E.coli(i.e., g1MPN/100mL).Todeterminethesignificanceofa
difference in the proportion of wells with detectable E. coli for
Figure 1. Distribution of monitored wells including (a) a country map
showing location of the two study areas, with close-ups at the same scale of
(b) Char Par and small local stream and (c) six villages in Matlab and the
Meghna River. Maps in (b) and (c) are on the same scale. The colored
circles in the two study areas indicate the location of a total of 125 shallow
(6-36 m) wells with at least 10 months of data, color-coded according to
thefrequencyofE.colidetectioninJanuary-November.Whitecirclesshow
the location of households surrounding around each monitored well whose
population was enumerated by surveys conducted in 2008 and 2009. In
Char Para, black dots indicate the location of all wells surveyed in 2009; in
Matlab, black dots correspond to wells blanket-tested for As in Matlab in
2002-2003.
18 Wells are concentrated in the villages; surrounding areas
without wells typically correspond to cultivated ﬁelds. Also shown by a
double black line in (c) is a ﬂood-control embankment bisecting the study
areainMatlab.AdditionalmapsareincludedintheSupportingInformation.1201 dx.doi.org/10.1021/es103192b |Environ. Sci. Technol. 2011, 45, 1199–1205
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differentcategoriesofwells,weusedtheapproximation(2[p(1-
p)/n]
1/2toestimate95%confidenceintervals(CIs),wherepisthe
proportion of months when E. coli was detected for the group of
wells(abinaryoutcome)andnisthenumberofmonthswhenwell
waterfromthegroupofwellswasanalyzed.
22Furtherdetails about
the surveys, sampling, and measurements, as well as a test of As
toxicitytoE.coliingroundwatercollectedfromasubsetofwells,are
provided in the Supporting Information.
’RESULTS
Precipitation and Water Levels. The precipitation pattern in
2008 and 2009 was typical of the monsoonal climate of the region,
withheavyrainfallduringthemonthsofAprilthroughOctoberand
little if any rain during the remaining months (Figure 2a). In
response, water levels in ponds monitored inside the embankment
in Matlab and Char Para varied by ∼1 m between the dry andwet
season. Relatively deep ponds were selected for monitoring; many
ponds dry out entirely during winter. The seasonal range in
groundwater levels measured within the embankment in Matlab
is somewhat wider (∼1.5 m), more so outside the embankment
(2.5 m) and even more so in Char Para (4 m). The difference
betweensurfaceandgroundwaterlevelsisaroughlyconstant0.5m
downwardwithintheembankmentinMatlabovermuchoftheyear
(downward head gradient of 0.05 given the 10 m depth of the
monitoring well), with the exception of March and April when
groundwaterandpondlevelswereessentiallythesame(Figure2a).
The limited pond data available from Char Para indicate a more
pronounced difference of 2 m between the pond and groundwater
(downward gradient of 0.2) in June 2009 and no significant
gradient later in August through October.
Fecal Indicator Distribution. Groundwater was sampled
from the monitored tubewells in duplicate on a total of 2389
occasions between May 2008 and November 2009. The 95%
confidence intervals (Supporting Information) for duplicate sam-
ples overlap in 96% of all cases. E. coli was detected 1023 times in
duplicate samples, i.e., on 43% of all sampling occasions. Average
E.coliconcentrationscalculatedfromduplicateswerewithinranges
of 1-10, 10-100, and 100 to over the maximum quantifiable of
2000 MPN/100 mL on 710 (30%), 223 (9%), and 90 (4%)
sampling occasions, respectively.
The frequency of E. coli detection (>1 MPN/100 mL) over a
year was calculated for each of the 125 wells having data available
foratleast10outof11monthsoftheyear(nowellsweresampled
in December 2008), averaging the result if a well was sampled in
the same month in 2008 and 2009. Such averaging avoids
Figure2. Timeseriesofdatafromthetwostudyareas.(a)VariationsinwaterlevelsmeasuredinCharPara(one10mdeepwellandapond,bothreferenced
tothelandelevationnearthewell)andinsidetheembankmentinMatlab(onepondinsidetheembankmentandtwo10mdeepwellsinsideandoutsidethe
embankment, respectively; all referenced relative to the land elevation at the well monitored inside the embankment). Also shown is weekly precipitation
measuredinMatlab,withdatagapsﬁlledusingadjustedrainfalldatafrom Chittagong.(b) Monthlyvariationsinthefractionofshallow(6-36m) wellswith
detectableE.coliinthetwostudyareasseparatedinthreecategoriesaccordingtotheirAscontent.Alsoshownare95%CIsforthelowestandhighestcategory
of As concentrations; the conﬁdence intervals for the intermediate category are comparable but not shown for clarity. The time of sampling was shifted by a
few days between diﬀerent categories, also for clarity.1202 dx.doi.org/10.1021/es103192b |Environ. Sci. Technol. 2011, 45, 1199–1205
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over-representing those months that were sampled twice in the
annual mean. Not a single well remained free of E. coli in
duplicate samples throughout the sampling period. E. coli was
detected between four and six months of the year in a majority of
the wells (67 out of 125, i.e., 54%). E. coli was detected no more
than four months of the year in only 25 (20%) of the total of 125
wells monitored. Groundwater pumped from the remaining 33
(26%) most-impacted wells contained detectable levels of E. coli
between six and nine months of the year. Annually averaged E. coli
detection frequencies for the entire set of 125 wells do not follow
any clear geographic pattern (Figure 1b, c). Wells frequently
contaminated with E. coli are interspersed with less contaminated
wellswithinindividualvillages,includingthemoredenselysampled
villages of Char Para in Araihazar and Bara Haldia in Matlab.
Well Arsenic. Unlike E. coli concentrations, the As content of
groundwater changed relatively little over time. Of the 116 wells
fromwhichtwosamplescollected inAugust2008andMarch 2009
were analyzed by HR ICP-MS (the remaining 9 wells were
analyzed for As only once), concentrations in the <1-500 μg/L
rangevariedinallbut4casesbylessthan25%orlessthan30μg/L.
The group of 125 shallow wells that were monitored is divided
roughly equally between average As concentrations below the
WHO guideline of 10 μg/L (n = 37), within the 10-50 μg/L
(n=49)range,andabovetheBangladeshstandardof50μg/L(n=
39). The distribution of As is mixed in the villages of Char Para in
Araihazar and Bara Haldia in Matlab that were densely sampled
(Figure S1 of the Supporting Information). Low-As wells were
specifically targeted in the five other villages of Matlab where high-
As wells otherwise dominate.
18
E.coliTimeSeries. ConcentrationsofE.coliinindividualwells
were highly variable from one month to the next across the entire
range of annual frequencies of E. coli detection. E. coli concentra-
tionsoccasionallyexceeded100MPN/100mLinwellsforwhichE.
coliwasundetectableformuchoftheyear.Conversely, E.colilevels
were at times undetectable for wells typically containing 10 MPN/
100mLE.coli.DespitethevariabilityofE.colilevels,thereisabroad
seasonal pattern defined by the entire set of wells (Figure 2b). In
July-November 2008 and again in June 2009 and in Septem-
ber-November 2009, more than half the wells contained detect-
ablelevelsofE.coli.ThiscontrastswithMay2008andMarch2009
when E. coli was detected in less than one-quarter of the wells.
The proportion of wells with detectable E. coli containing up to
10 μg/LAswasgreaterthanforwellswith>50μg/LAs for 15 out
of a total of 18 months (Figure 2b). For wells containing 10-
50 μg/L, this was the case for only 10 out of 18 months.
Considering months individually, the 95% CIs for the proportion
of wells with detectable E. coli generally overlap, although not in
August 2008 when E. coli was detected in 70 ( 15% (n =3 7 )o f
wells with As concentrations up to 10 μg/L and in 33 ( 15% (n =
39) of wells with >50 μg/L As. There is a systematic decline in the
proportion of wells with detectable E. coli across the three
categories of As concentrations during four months of the dry
season (January-A p r i l )a n da sw e l la sf o u ro fm o n t h so ft h ew e t
season (May-August), but the diﬀerences are statistically signiﬁ-
cant for both seasons only between the lowest and the highest As
category (Figure 3a).
PotentialConfoundingFactors. For43wellsoutofthesetof
125 that were monitored, priming was required on 6-38% of the
sampling occasions but was not systematically associated with
higher rates of E. coli detection across the three categories of As
concentrations (Figure 3b). A concrete platform prevented stand-
ing water from seeping right around the annulus of 65 of the 125
monitored wells but was broken or nonexistent for the remaining
wells. This potential source of contamination was again not
associated with systematically higher E. coli levels across the three
categories of As concentrations, however (Figure 3c). Unlike the
previous pilot study conducted in two villages within Araihazar,
16
there is no systematic pattern in the depth distribution of wells
monitored within the study area. The proportion of wells meeting
theBangladeshstandardof50μg/LAsishigherforwellsshallower
than the average of 14 m (86%) compared to deeper wells (46%),
however. Despite this association between As and depth, the data
show no detectable effect of well depth on the relation between As
and detection of E. coli (Figure 3d).
Population Density. The household survey counted a total
population of 7077 distributed across 1479 households living
within a radius of up to ∼200 m of the monitored wells. Two-
thirds of the households are composed of up to 5 members; the
remainingthirdofhouseholdsrangefrom6to19membersinsize.
Onaverage,20peoplelivewithinadistanceof25mofamonitored
well, and the population roughly triples for every doubling of the
distance from each well. The average population living within a
distance of 25 m of a monitored well is somewhat higher in Matlab
(21) compared to Char Para (16).
Detection of E. coli was systematically compared to population
density, taking into account both As levels and platform quality.
The strongest correlation (r
2 = 0.42, p = 0.004) is observed
between E. coli detection during the wet season and population
density within 25 m of a well for the subset of 18 wells with a good
platform and As > 50 μg/L (Figure 4). The relationship is more
scattered but still signiﬁcant for 29 wells with a good platform
containing 10-50 μg/L As (r
2 =0 . 2 8 ,p = 0.003). There is no
relationship between E. coli detection and population density for
Figure 3. Proportion of wells with detectable E. coli in three categories
of tubewell As concentrations distinguishing (a) 4 months of the dry
season and 4 months of the wet season, (b) whether a well required
priming over the entire year, (c) the presence and quality of a platform
over theentireyear, and(d) thedepthofawellrelative to theaverage of
14 m over the entire year. The number of wells in each category is listed
alongwitherrorbarscorrespondtothe95%CI.Thenumberaboveeach
errorbarindicatesthetotalnumberofmonthsofannuallyaverageddata
included in the calculation for that particular category of wells.1203 dx.doi.org/10.1021/es103192b |Environ. Sci. Technol. 2011, 45, 1199–1205
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wellscontainingupto10μg/LAs.TherelationshipbetweenE.coli
detection in May-August and population density remains signiﬁ-
cant when considering all wells with As concentrations >50 μg/L
(r
2 =0 . 2 3 ,p = 0.002), but not when considering wells without a
platform or with a broken platform only (Table S1 of the
Supporting Information). Almost as striking as these correlations
is the lack of any signiﬁcant relationship for regressions of E. coli
detection as a function of population density during the dry season
or over the entire year, regardless of the As concentration or the
presence of a platform. The spatial scale of the correlation is also
quite restricted because the correlation between E. coli and popula-
tiondensityisnolongersigniﬁcantfordistancesfromawellranging
from 50 to 200 m (Supporting Information), even during the wet
season and for the 18 wells with a good platform and As > 50 μg/L.
The data suggest a local impact of population density on fecal
contamination of shallow aquifers that manifests itself only during a
particular time of the year and only for certain types of wells.
’DISCUSSION
The high proportion of tubewells samples in Araihazar and
Matlab that periodically contain detectable levels of E. coli is not a
surprise. A number of previous studies relying on proven sampling
and analytical methods have reported the presence of fecal
indicators in groundwater in the Bengal Basin
16,23-25,a n dm a n y
more studies have done so for other sedimentary basins in both
developing and industrialized countries. The main ﬁnding of this
study is the inverse relationship between fecal contamination and
groundwater As, which has implications for microbial transport as
well as As mitigation.
Arsenic toxicity could have provided an alternative explanation
for the observed decline in E. coli detection frequency as a function
of As. However, the incubations of contaminated groundwater
clearly indicate that E. coli tolerates As concentrations orders of
magnitude higher than ambient levels, at least in the short term
(Table S2 of the Supporting Information). An eﬀect on E. coli of
chronic exposure to lower As levels cannot be ruled out but seems
unlikely given this organism’s well-documented detoxiﬁcation
mechanisms.
26-28
Pathways of Fecal Contamination. The proportionality ob-
served between the frequency of E. coli detection in well water
during the monsoon and population density for certain categories
ofwellssuggestsalinkthatcouldreflectvariationsinoverlyingfecal
source strength coupled with infiltration of surface contaminants
into the aquifer. The population enumerated in the area surround-
ingeachmonitoredwellprovidesaplausibleproxyforsourcessuch
aslatrinesbecausepopulationandlatrinedensityarecloselyrelated
throughout rural Bangladesh.
29 The assumption underlying much
of the following discussion is that the features of the E. coli data
reflect infiltration on a lateral scale of ∼25 m (based on thedecline
in the significance of the correlations at greater distances) rather
than along the annulus, even though tubewells are typically not
grouted in Bangladesh. Such a contribution cannot be ruled out,
althoughadominantroleseemsunlikelygiventheobservationthat
there is no systematic difference in E. coli detection for wells with
and without a platform (Figure 2). We cannot rule out either the
occasional contamination of well water due to backflow from the
handpump,especiallyduringthemonsoonwhenhotandhumidair
could promote E. coli growth within a handpump.
Because E. coli generally die oﬀ rapidly in the subsurface,
inﬁltration from a chronically contaminated surface source would
have to occur within weeks to months,
14 even if E. coli have been
found in uncontaminated soils
30,31 and can grow under some
natural conditions.
32 The presence of E. coli at 6-36 m depth
would therefore require preferential ﬂow paths of the type usually
observed in karstic or fractured terrain and less so in sandy
aquifers.
1,15 On the other hand, only a very small fraction of
contaminated surface water would be needed to attain an E. coli
concentration of ∼10 MPN/100 mL by mixing given that ponds
often contain 100,000 MPN/100 mL.
16 Whereas most bacterial
transport studies at the ﬁeld or lab scale indicate rapid ﬁltration of
E.coliandlimitedtransportthroughsand,thereisoftenalsoasmall
fraction of bacteria that does not attach to the sediment.
13,15,33
Seasonal variability in the fraction of wells with detectable E. coli is
consistent with rapid transport and harder to reconcile with long-
lived E.colithatdieoﬀslowlyandaregraduallyﬁlteredalongaﬂow
path. Gradual ﬁl t r a t i onc ou l da l s oha v eb e e ne x pe ct e dt opr od u c ea
depth dependence of contamination with E. coli.T h i si sn o t
observed,atleastwithinthe6-36mdepthrangeofthemonitored
wells (Figure 3d).
If preferential ﬂow contaminates shallow aquifers in Bangladesh,
whywouldtheconnectionbecomeapparentonlyduringpartofthe
year and only for certain types of wells? One possible explanation
fortheﬁrstobservationisthatdecreasinggroundwaterlevelsduring
the dry season gradually disconnect the shallow aquifer from a
vadoze zone that is contaminated with E. coli due to surrounding
latrines and contaminated ponds. Unsaturated conditions in the
subsurface are known to inhibit bacterial transport relative to
saturatedconditionsthroughvariousmechanisms.
34Theminimum
in E. coli detection also corresponds, however, to a period when
surface and groundwater levels are essentially equal and, unlike
other times of the year, there is no hydraulic gradient favoring the
downwardtransportoffecalcontaminants.Therelativeimportance
ofgroundwaterlevelandﬂowdirectioncannotbedeterminedfrom
the available data. Even these two mechanisms cannot entirely
explain the observed patterns because the frequency of E. coli
doubled from March to April 2009, while the level of groundwater
remained constant and the vertical hydraulic gradient close to zero
over the same period (Figure 2). The onset of precipitation during
Figure4. ComparisonofthedetectionfrequencyofE.coliasafunctionof
population density within 25 m of a well with a good platform for three
categories of As concentrations. Regression coeﬃcients for other time
spans and categories of wells are listed in Table S1 of the Supporting
Information; the corresponding plots are in Figure S4 of the Supporting
Information.1204 dx.doi.org/10.1021/es103192b |Environ. Sci. Technol. 2011, 45, 1199–1205
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this transition, which could conceivably ﬂush downward fecal
matter accumulated in surface soils during the dry season,suggests
yet another contributing and perhaps dominant factor that is
consistent with a connection between E. coli levels and population
density during the wet season only.
Even if the physical forcing of rapid downgradient transport of
E.coliremainsuncertain,theobserveddeclineindetectionfrequency
with increasing As concentrations is consistent with a hydrogeolo-
gical feature of shallow Bangladesh aquifers previously established
on the basis of
3H-
3Hedatingof groundwater relative to the time
of recharge. The range of depths and As concentrations of shallow
wells monitored in Char Para and Matlab are comparable to six
nests of monitoring wells from Araihazar previously used to
documentabroadincreaseofAsconcentrationswithgroundwater
age.
10 This relationship has been linked to variations in the surface
permeability of soil that modulate the rate of local recharge as well
as the buildup of As in shallow aquifers.
11 T h ea v a i l a b l ed a t af r o m
Araihazar indicate that shallow groundwater that is <1 year old and
contains<10μg/LAsisfoundindepositionalenvironmentswhere
sandyaquifersessentiallyextendtothesurface.Suchaquiferswould
be particularly prone to microbial contamination, whereas ﬁne-
grained sediment overlying older aquifers with typically As con-
centrations >50 μg/L As could be expected to oﬀer some protec-
tion. The new data suggests such a hydrogeological connection
might play a role even if the rapid preferential ﬂowpaths leading to
fecal contamination of shallow aquifers are probably not the same
as those that set the bulk chemistry of groundwater, including As
and
3H-
3He ages.
Unlike the relation to population density, there is no a priori
reason to expect a linear relation between As concentrations and
the frequency of E. coli detection. Nevertheless, a bivariate regres-
sion of E. coli detection over the entire year for all platforms
combined (n = 125) yields coeﬃcients for population density (p =
0.03)andAsconcentrations(p=0.03)thatarebothsigniﬁcantand
of the expected sign.Including depth as an independent variable in
theregressioncombiningallwellsdoesnotaﬀecttheoutcome,and
the regression coeﬃcient for depth is not signiﬁcantly diﬀerent
from zero. In contrast to the present study, which takes advantage
of variations within villages, the importance of depth or other
potential village-level diﬀerences for fecal contamination could not
beascertainedinthepreviouspilotstudyconductedinAraihazar.
16
Bivariate regressions of E. coli detection frequency as a function of
population density and As for wells without a good platform does
notyieldstatisticallysigniﬁcantresultsforanytimeoftheyear.This
suggests that conditions conducive to fecal contamination such as
low As concentrations (i.e., a sandy setting) or the lack of a
protective platform obscure the impact of population density
without markedly increasing the level of fecal contamination.
The main caveat of our interpretation is that highly localized
microbial contamination along the annulus of the well cannot be
ruledout.Suchanextremecaseofshort-circuitingoftheﬂowpaths
that control the bulk composition of groundwater could in fact
potentially generate some of the observed patterns, including
enhancedtransportofE.coliduringthemonsoonandsomedegree
of proportionality of fecal contamination to local population
density. If sealing around the annulus of a well after installation is
inﬂuencedbythegrainsizeofsurfacesediment,thenmorefrequent
contamination of low-As wells might be expected because surface
permeability has been shown to aﬀect the As content of shallow
aquifers on a broader scale.
11
Health Implications. According to the WHO,
35 drinking
water containing 1-100 MPN/100 mL E. coli carries a low to
moderate risk of significant health effects. The results of extensive
well sampling across time and space reported here confirm the
widespread presence of E. coli almost throughout the year, except
for the driest months at levels of up to 100 MPN/100 mL. Of
potential significance in the context of As mitigation is the finding
thatshallowtubewellsthatmeettheWHOguidelineof10μg/Lfor
As in drinking water are more likely to contain detectable levels of
E. coli and, therefore, potentially also pathogens.
36 The significance
of this finding is independent of the fact that the pathway for fecal
contamination of shallow groundwater remains insufficiently un-
derstood. The relevance of drinking groundwater even moderately
contaminated with fecal matter compared to other modes of
contracting diarrheal disease in rural Bangladesh is presently
u n k n o w n .A tt h es a m et i m e ,t h e r ei sg r o w i n ge v i d e n c eo fw i d e -
spread and long-term disease caused by drinking well water
containing high levels of As.
37In the absence of further knowledge
about the health implications of the observed increase in fecal
contamination of tubewell water, well-switching to reduce As
exposure should therefore continue. Future mitigation campaigns,
however, should be cognizant of the levels of microbial contamina-
tion of shallow tubewells documented in this study.
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